Eradication of leukemia stem cells (LSCs) is the ultimate goal of treating acute myeloid leukemia (AML). We recently showed that the combined loss of Runx1/Cbfb inhibited the development of MLL-AF9-induced AML. However, c-Kit + /Gr-1 − cells remained viable in Runx1/Cbfb-deleted cells, indicating that suppressing RUNX activity may not eradicate the most immature LSCs. In this study, we found upregulation of several hemostasis-related genes, including the thrombin-activatable receptor PAR-1 (protease-activated receptor-1), in Runx1/Cbfb-deleted MLL-AF9 cells. Similar to the effect of Runx1/Cbfb deletion, PAR-1 overexpression induced CDKN1A/p21 expression and attenuated proliferation in MLL-AF9 cells. To our surprise, PAR-1 deficiency also prevented leukemia development induced by a small number of MLL-AF9 leukemia stem cells (LSCs) in vivo. PAR-1 deficiency also reduced leukemogenicity of AML1-ETO-induced leukemia. Re-expression of PAR-1 in PAR-1-deficient cells combined with a limiting-dilution transplantation assay demonstrated the cell-dose-dependent role of PAR-1 in MLL-AF9 leukemia: PAR-1 inhibited rapid leukemic proliferation when there were a large number of LSCs, while a small number of LSCs required PAR-1 for their efficient growth. Mechanistically, PAR-1 increased the adherence properties of MLL-AF9 cells and promoted their engraftment to bone marrow. Taken together, these data revealed a multifaceted role for PAR-1 in leukemogenesis, and highlight this receptor as a potential target to eradicate primitive LSCs in AML.
INTRODUCTION
Leukemia stem cells (LSCs) are capable of limitless self-renewal and indefinitely propagating acute myeloid leukemia (AML). Early pioneering xenograft studies using NOD/SCID (nonobese diabetic/ severe-combined immunodeficiency) mice suggested that LSCs in AML are exclusively CD34 + CD38
− , similar to the cell-surface phenotype of primitive hematopoietic stem cells (HSCs). However, it has become increasingly evident that LSCs are not necessarily primitive cells (reviewed in Goyama et al. 1 ). Studies using mouse AML models for MLL-fusion leukemia have shown that some LSCs express mature myeloid markers, 2, 3 and recent work showed that myeloid differentiation is a prerequisite for LSC formation. 4 These findings challenge the original concept that LSCs are the most primitive cells, but instead indicate that slightly differentiated LSCs can be responsible for the development of AML. On the other hand, several studies identified primitive HSC-like cells that have acquired leukemia-related mutations in AML patients. These cells, termed 'preleukemic HSCs', retain multilineage differentiation capacity but show a repopulation advantage over normal HSCs. [5] [6] [7] Taken together, it appears that there are multiple types of stem cells associated with AML development, including the slightly differentiated 'active' LSCs and the primitive stem cells possessing leukemia-initiating mutations that remain relatively 'dormant'. The factors that differentiate these types of LCSs remain poorly defined.
Recently, we showed that RUNX function is necessary to sustain the leukemogenic cell phenotype in AML. Suppression of RUNX1 function in human AML1-ETO-and MLL-AF9-expressing cord blood cells induced cell-cycle arrest and apoptosis in these cells. In a mouse transplantation model of MLL-AF9 leukemia, combined deletion of Runx1/Cbfb substantially inhibited leukemogenesis. However, we also observed that LSC-enriched cells with an immature surface phenotype (c-Kit + Gr-1 − ) 8 remained viable in Runx1/Cbfb-deleted MLL-AF9 cells. 9 These findings suggest that RUNX targeting inhibits leukemic proliferation, but may not eradicate the primitive and dormant LSCs. The data also imply that experimentally targeting RUNX may provide a means of identifying important modulators of LSC biology in AML. In the current study, we found that the expression of multiple hemostasis-related genes, including PAR-1, were significantly unregulated in LSC-enriched Runx1/Cbfb-deleted MLL-AF9 cells, suggesting a role for this receptor in LSC pathobiology. PAR-1, encoded by F2R, is expressed in many types of cells related to hematopoiesis, including HSCs, [10] [11] [12] bone marrow stromal cells such as osteoblasts 11, 13, 14 and hemogenic endothelium. 15 PAR-1 activation has been implicated in the progression of multiple solid tumors, and has been shown to promote cellular proliferation, survival and invasion in these contexts. 16 A role for PAR-1 in the pathogenesis of AML is suggested by flow cytometry analyses showing that cell-surface expression of PAR-1 in French-American-British subtype M4/M5 AML cells is higher compared with monocytes or granulocytes from healthy donors. 17 Notably, MLL rearrangements are most frequently found in M4/M5 AML, 18 suggesting that PAR-1 is likely to be highly expressed in MLLfusion leukemia. A few recent studies examined the functions of PAR-1 in hematopoiesis and leukemogenesis. These reports showed that PAR-1 inhibits endothelial-to-hematopoietic transition, 15 regulates the retention and recruitment of HSCs in bone marrow 11, 19 and suppresses the development of MLL-AF9-induced leukemia. 12 However, the precise role of PAR-1 in HSCs and LSCs is not yet completely characterized.
The studies presented here reveal a novel, cell-dose-dependent role of PAR-1 in MLL-AF9 leukemia. Consistent with a previous report, 12 PAR-1 acts as an antioncogenic factor to inhibit rapid leukemic proliferation when there are a large number of LSCs to induce leukemia. However, PAR-1 also acts as a pro-oncogenic factor to support the growth and/or survival of LSCs in bone marrow when these cells are present in small numbers. The crucial importance of PAR-1 in the maintenance of a small LSC populations suggests that PAR-1 may have a key role in early stages of leukemogenesis, or in contexts where a minimal residual disease state is achieved. PAR-1 deficiency also reduced clonogenicity and leukemogenicity of AML1-ETO-induced AML. Taken together, these data imply that targeting PAR-1 may represent a means of eradicating minimal residual disease, thereby preventing relapse in AML patients.
RESULTS

Expression of multiple hemostasis-related genes is upregulated in
Runx1/Cbfb-deleted MLL-AF9 cells We previously showed that Runx1/Cbfb deletion in MLL-AF9 cells resulted in the increased frequency of c-Kit
− LSC-enriched population. 9 To identify the pathways that are active in these primitive LSCs, we performed gene set enrichment analysis using expression profiles of control and Runx1/Cbfb-deleted MLL-AF9 cells (Goyama et al. 9 and Table S3, GSE47350 ). This analysis revealed that genes related to blood coagulation were significantly upregulated upon Runx1/Cbfb depletion in MLL-AF9 cells (Figure 1a) . The upregulated genes are all either thrombin targets or directly related to a thrombin target (Figure 1b) . Among these genes, we focused on PAR-1 (encoded by the F2R gene), which has a central role in thrombin signaling. Upregulation of PAR-1 in Runx1/Cbfb-deleted cells was confirmed by quantitative PCR (qPCR) (Figure 1c) . Furthermore, previous reports showed that: (1) RUNX1 binds to the promoter region of F2R (Figure 1d ), 20 (2) thrombin as well as PAR-1 pathway genes are upregulated in RUNX1-mutated AML 21 and (3) PAR-1 has the opposite function to Runx1 in fetal hematopoietic development. 15 We also found that PAR-1 expression in RUNX1-altered AML is significantly higher compared with that in RUNX1-intact AML (Figure 1e ). These data suggest that PAR-1 is likely a transcriptional target of RUNX1 and has important roles in the regulation of normal and malignant hematopoiesis.
PAR-1 activation inhibits cell-cycle progression and leukemogenesis of MLL-AF9 cells We first assessed the effect of PAR-1 overexpression on the growth of human CB cells expressing MLL-AF9. MLL-AF9 immortalizes CB cells in vitro and produces human leukemia in immunodeficient mice. 22 We transduced vector control, human PAR-1, and an arginine-to-alanine mutant form of PAR-1 (R41A) into MLL-AF9-expressing CB cells. The R41A mutation results in loss of the thrombin cleavage site, making this mutant PAR-1 insensitive to activation by thrombin and other proteases. These human PAR-1 constructs contain an amino-terminal FLAG sequence, providing a means to detect the expression of either the wild-type or R41A mutant proteins on the cell surface (green fluorescent protein-positive (GFP + ) cells). As expected, thrombinmediated cleavage of PAR-1 at R41 resulted in loss of cell surface FLAG expression in cells expressing wild-type PAR-1, but not in cells expressing the R41A mutant (Figure 2a ), indicating that thrombin cannot activate the R41A PAR-1 mutant. Functionally, expression of PAR-1, but not the R41A mutant, inhibited the growth of MLL-AF9 cells in the presence of thrombin (Figure 2b ). Thrombin-mediated PAR-1 activation resulted in cell-cycle arrest without inducing apoptosis (Figure 2c and Supplementary Figures S1A-C). As a mechanism for PAR-1-mediated cell-cycle arrest, we found upregulation of CDKN1A/p21 in PAR-1-expressing MLL-AF9 cells stimulated by thrombin (Figure 2c ). Thus, similar to the effect of RUNX1 depletion, 9 thrombin-induced PAR-1 activation leads to CDKN1A/p21 upregulation and inhibits cell-cycle progression in human MLL-AF9 cells.
Next, we assessed the role of PAR-1 in leukemogenesis using mouse models for MLL-AF9 leukemia. The function of mouse PAR-1 and R41A constructs was confirmed using NIH3T3 cells. Reflecting its focus-forming ability, 23 PAR-1 promoted the growth of NIH3T3 cells in a culture with high cellular density, whereas PAR-1-expressing NIH3T3 cells grew normally in a culture with optimal cellular density (Supplementary Figure S2) . We retrovirally transduced a vector control, mouse PAR-1 or the R41A mutant (coexpressing GFP) together with MLL-AF9 into mouse bone marrow progenitors, and transplanted these cells into recipient mice. PAR-1 overexpression substantially inhibited MLL-AF9-induced leukemia development in vivo, as indicated by the depletion of GFP + cells in leukemic mice. The R41A mutant did not show a similar negative effect (Figure 2d) . Thus, PAR-1 overexpression inhibited cell-cycle progression and in vivo leukemic growth of MLL-AF9 cells.
PAR-1 deficiency impairs leukemia development induced by a small number of LSCs PAR-1 is highly expressed in HSCs and was shown to regulate HSC retention/recruitment in bone marrow, 10, 11, 19 but a recent report showed that absence of PAR-1 did not change HSC function. 12 We found that PAR-1-deficiency did not impact colony-forming ability and serial transplantation potential, suggesting that PAR-1 is dispensable for normal HSCs (Supplementary Figures S3A-C) . However, we observed a modest but statistically significant diminution in the engraftment potential of PAR-1-deficient cells relative to control cells in the bone marrow, but not in the spleen (Supplementary Figure S3D) . These data probably indicate a role for PAR-1 in regulating the interplay between HSCs and the bone marrow niche, as suggested by previous reports. 11, 19 To determine the role of endogenous PAR-1 in leukemogenesis, we transduced MLL-AF9 into bone marrow progenitors derived from wild-type or PAR-1-deficient mice. These cells were serially replated up to five times, and were then transplanted into sublethally irradiated recipient mice (Figure 3a) . PAR-1 deficiency showed little effect on the colony-replating ability of MLL-AF9 cells (Supplementary Figure S4A) . However, we observed impaired engraftment and significantly delayed MLL-AF9 leukemia development in mice receiving PAR-1-deficient cells relative to those receiving control cells ( Figure 3b and Supplementary Figure S4B ). Of note, about half the recipient mice transplanted with PAR-1-deficient cells never developed leukemia, suggesting a significant reduction of LSCs in PAR-1-deficient MLL-AF9 cells. This observation was in contrast to a previous report, in which Baumer et al. 12 showed that PAR-1 deficiency did not alter initial leukemia development induced by MLL-AF9. 12 We speculated that differences in the relative numbers of LSCs injected into recipient mice could explain these differing results. To test this hypothesis, we performed limiting-dilution transplantation assays using wild-type or PAR-1-deficient bone marrow progenitors transduced with MLL-AF9. This assay clearly demonstrated that PAR-1 expression is important for leukemogenesis only when relatively small numbers of cells (that is, 1 × 10 4 cells) were transplanted, whereas PAR-1 is dispensable in mice transplanted with larger cell doses (that is, more than 1 × 10 5 cells Figure 3c ). These data suggest that PAR-1 has an important supporting role to produce full-blown AML in contexts where LSCs are relatively few in number, whereas a much larger number of LSCs can produce AML in the absence of PAR-1 functions.
PAR-1 mediates thrombin-induced adhesion and promotes engraftment of MLL-AF9 cells into the bone marrow Several reports have shown that thrombin induces adhesion of many types of cells. [24] [25] [26] We therefore examined the role of PAR-1 in thrombin-induced adhesion of MLL-AF9 cells to a recombinant human fibronectin fragment (Retronectin). Treatment with thrombin significantly increased the adhesion of wild-type, but not PAR-1-deficient MLL-AF9 cells to Retronectin (Figure 4a ). Because adherence properties are related to the homing/engraftment capacity of leukemia cells, we then assessed the role of PAR-1 in the homing and retention of MLL-AF9 cells in bone marrow in vivo.
Here, equal numbers of wild-type or PAR-1-deficient MLL-AF9 colony-forming cells were intravenously coinjected into sublethally irradiated recipient mice to assess the percentage of donor cells in the bone marrow and spleen over time. The relative frequencies of wild-type and PAR-1-deficient MLL-AF9 cells were similarly low in both the bone marrow and spleen 16 h after injection. However, by 96 h after injection, there was a substantial increase in the frequency of wild-type, but not PAR-1-deficient MLL-AF9 cells in the bone marrow. This genotype-dependent increase in donor cells was not observed in the spleen (Figure 4b ). Thus, PAR-1 promotes the early growth, retention and/or survival of MLL-AF9 cells in bone marrow immediately after transplantation. + early hematopoietic cells. 20 (e) A box plot showing PAR-1 expression in RUNX1-altered AML (including AMLs with RUNX1-RUNX1T1 translocation) and RUNX1-intact AML cases was drawn using cBioPortal.
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Re-expression of PAR-1 into PAR-1-deficient cells increases the frequency of MLL-AF9 LSCs
To determine the precise role of PAR-1 in MLL-AF9-induced leukemia, we cotransduced MLL-AF9 with a vector control, wildtype PAR-1 or the R41A mutant (each coexpressing GFP) into PAR-1-deficient BM progenitors, and transplanted the cells into recipient mice (Figure 5a ). Similar transduction efficiency of wildtype PAR-1 and the R41A mutant was confirmed before (Figure 5d ). The limiting-dilution transplantation assay revealed that clone 2 contained more LSCs than clone 1 (Figure 5e ), confirming a role for PAR-1 in supporting LSCs. The proportion of c-Kit + Gr-1 − LSCs was not substantially different between the clones (data not shown), indicating that PAR-1 does not directly regulate the cell fate to be LSC or not. Rather, it appears that PAR-1 functionally supports the growth and survival of LSCs.
We next examined the changes in GFP frequency in recipient mice that were injected with various numbers of the same leukemic clone (clone 2) after they became moribund. The relative percentage of GFP + (that is, PAR-1-expressing) cells in the spleens of these animals with advanced disease varied depending on the cell numbers injected into recipient mice. GFP + cells always became the major population when a small number of cells (that is, 10 or 100) were transplanted. However, GFP − cells (that is, PAR-1-deficient cells) often became dominant when the recipient mouse received more than 1000 cells. There was also an expected inverse correlation between the relative number of PAR-1-expressing leukemia cells, as indicated by GFP frequency, and the time to evidence of leukemia onset (Figure 5f ). Taken together, these results support the conclusion that PAR-1 has a key role in supporting LSCs, and hence leukemogenesis, in contexts where AML develops slowly and originates from a small number of LSCs.
PAR-1 deficiency impairs the clonogenicity and leukemogenicity of AML1-ETO-induced leukemia To investigate the role of PAR-1 in another subtype of AML, we transduced AML1-ETO into wild-type or PAR-1-deficient bone marrow progenitors and serially replated the cells (Figure 6a ). PAR-1-deficient AML1-ETO cells contained a smaller c-Kit + population and showed substantially reduced colony-forming Dual roles of PAR-1 in AML S Goyama et al activity after fourth or fifth rounds of replating compared with wild-type AML1-ETO cells (Figure 6b ). We then transduced AML1-ETO9a, a shorter isoform of AML1-ETO with more potent leukemogenic activity, into wild-type and PAR-1-deficient fetal liver cells, and transplanted a small number (1 × 10 4 /mouse) of AML1-ETO9a-expressing cells into sublethally irradiated recipient mice. Similar to the results for MLL-AF9-induced leukemia, we observed significantly delayed leukemia development in mice receiving PAR-1-deficient AML1-ETO9a cells relative to those receiving control cells. Two out of seven recipient mice never developed leukemia, suggesting a reduction of LSCs in PAR-1-deficient AML1-ETO cells (Figure 6c ). These data indicate that PAR-1 also has a role in LSC activity in AML1-ETO-induced leukemia.
DISCUSSION PAR-1 has been shown to have oncogenic roles in several solid tumors, including melanoma, 27 breast cancer 28, 29 and glioma. 30 In hematopoietic neoplasms, a recent study showed an unexpected antioncogenic role of PAR-1 in MLL-AF9 leukemia. 12 In agreement with this report, we found that PAR-1 overexpression induced cellcycle arrest and inhibited the growth of MLL-AF9 cells in several experimental assays. Interestingly, we also found that PAR-1 has an important role in enhancing LSC activity in MLL-AF9 leukemia, which becomes apparent in experimental contexts where relatively small numbers of LSCs are used to induce leukemia. These observations are in contrast to the previous report, in which Baumer et al. 12 suggested that the loss of PAR-1 enhanced LSC function. Given the cell-dose-dependent function of PAR-1 in LSC maintenance, differences in LSC numbers injected into recipient mice could explain this discrepancy. Baumer et al. 12 injected 90 000 MLL-AF9-transduced bone marrow progenitors into primary recipients, while we injected 10 000 MLL-AF9-transduced progenitors or MLL-AF9 colony-forming cells cultured in vitro. For secondary transplantation, Baumer et al. 12 injected 100 c-Kit + cells, while we only injected 10 or 100 whole MLL-AF9 cells. Taken together with the data presented here, the fact that we injected significantly fewer LSCs provides an explanation for the apparent differences in observed PAR-1 functions in LSC activity between these studies and the studies of Baumer et al. 12 In addition to the cell-dose-dependent role of PAR-1, our data suggest that PAR-1 may have the dosage-dependent function to promote leukemogenesis, which should be investigated in future studies.
The mechanisms underlying PAR-1-mediated LSC regulation remain to be fully elucidated. We found that PAR-1 deficiency in MLL-AF9 leukemia results in impaired cell adhesion and attenuated homing/engraftment to the bone marrow compartment. These data suggest the involvement of PAR-1 in the regulation of interactions between LSCs and the bone marrow niche. This view is consistent with a recent report showing that PAR-1 regulates the retention and recruitment of bone marrow HSCs. 19 The study suggested that direct thrombin-mediated PAR-1 signaling events led to HSC mobilization. Conversely, thrombin bound to thrombomodulin converts protein C to its activated form (aPC) that stimulates endothelial protein C receptor (EPCR)-PAR-1 signaling, which supported retention of HSCs in the bone marrow microenvironment. 19 Given that thrombomodulin is also upregulated in the LSC-enriched Runx1/Cbfb-deleted MLL-AF9 cells (Figures 1a and b) , the aPC-EPCR-PAR-1 axis may contribute to the development of MLL-AF9 leukemia by supporting LSC Dual roles of PAR-1 in AML S Goyama et al retention in the bone marrow. In addition to thrombin and aPC, it is recognized that PAR-1 can be activated by the TF/fVIIa/fXa complex and matrix metalloproteases. 31 It is also notable that matrix metalloproteases were shown to promote leukemogenesis. 32 The key protease(s) driving PAR-1 activation in the context of AML progression remain to be determined. In addition, how PAR-1 activation upregulates CDKN1A/p21 and whether CDKN1A/p21 regulates LSC dormancy need to be clarified in future studies. Interestingly, a previous report showed that thrombin-mediated activation of PAR-1 induced CDKN1A/p21 upregulation via the JAK/STAT pathway in various types of cells. 33 The possible interaction among thrombin/PAR-1, JAK/STAT and CDKN1A/p21 in LSCs warrants further investigation. Furthermore, mechanisms by which PAR-1 increases the colony formation of AML1-ETO cells remain to be elucidated. Given that cells were cultured in semisolid media, adherence properties are probably not related to the decreased colony-forming activity of PAR-1-deficient AML1-ETO cells. Therefore, PAR-1 appears to have other functions to promote leukemogenesis. Accumulating evidence suggests that there are multiple subtypes of LSCs with distinct genetic alterations and epigenetic modifications. We previously showed that a certain level of Runx Dual roles of PAR-1 in AML S Goyama et al activity is required to sustain LSC proliferation in MLL-AF9 leukemia, but the cells with an immature phenotype remained viable even in Runx1/Cbfb-deleted cells. 9 Here, we found a key role for PAR-1 in these primitive cells and showed the indispensable role of PAR-1 in enhancing LSC activity in MLL-AF9 and AML1-ETO leukemia. Based on these findings, we propose a revised model of LSCs in AML (Figure 7 ). Runx/Cbfb complex is required for actively proliferating LSCs to produce AML in vivo. PAR-1 activation inhibits rapid proliferation of the active LSCs partly through CDKN1A/p21 upregulation, but supports the growth of dormant LSCs with an immature phenotype. Sequential targeting of RUNX and PAR-1 could be a promising approach to eradicate all types of LSCs, thereby providing a means to eradicate minimal residual disease in patients with AML.
MATERIALS AND METHODS
Vectors and viral transduction
Human PAR-1 and PAR-1-R41A containing an amino-terminal FLAG sequence (DYKDDDD) 34 were provided by Dr JoAnn Trejo, and we cloned Dual roles of PAR-1 in AML S Goyama et al them into a retroviral vector pGCDNsam-IRES-GFP (a gift by Dr M Onodera). Murine PAR-1 was cloned into the pMYs-IRES-GFP vector, 35 and we introduced a mutation to generate mouse PAR-1-R41A using QuikChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, CA, USA). For MLL-AF9 expression, we used pMSCV-MLL-AF9-pgk-EGFP or pMSCV-MLL-AF9-pgk-puro. For AML1-ETO expression, we used HA-tagged AML1-ETO or HA-tagged AML1-ETO9a in a pMSCV-IRES-Thy1.1 retroviral vector. Viral production was performed by transfecting viral plasmids along with gag, pol, env-expressing plasmids into 293T cells, as described previously. 36, 37 Human CB cell culture Human umbilical CB cells were obtained from Translational Trials Development and Support Laboratory at Cincinnati Children's Hospital Medical Center according to an institutional review board-approved protocol. Informed consent was obtained in accordance with the Declaration of Helsinki. CD34 + cells were separated using EasySep CD34 Selection Kit (STEMCELL Technologies, Vancouver, BC, Canada). We engineered human MLL-AF9-and AML-ETO-expressing cells by transducing MLL-AF9 and AML1-ETO into CB cells using retrovirus, as described previously. 22, [38] [39] [40] Cells were cultured in IMDM media containing 20% BIT9500 (STEMCELL Technologies) and 10 ng/ml human stem cell factor, thrombopoietin, FLT3 ligand, interleukin-3 and interleukin-6, as described previously. 41, 42 Flow cytometry Cells were analyzed on a FACSCanto and were sorted with a FACSAria (BD Biosciences, San Jose, CA, USA). Cells were stained with fluorochromeconjugated antibodies (Mouse c-Kit (CD117)-PE (2B8; BD Biosciences), mouse Gr-1 (Ly-6G/C)-APC (RB6-8C5; BD Biosciences), DYKDDDDK Tag (D6W5B) rabbit mAb (Cell Signaling Technology, Danvers, MA, USA; no. 14793)), were incubated for 30 min at 4°C and were washed with 2% fetal bovine serum in phosphate-buffered saline before analysis. Cell-cycle analysis (Vybrant DyeCycle Violet Stain; Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and apoptosis analysis (AnnexinV-APC Kit; BD Biosciences) were performed according to the manufacturer's recommendations.
Western blotting
Cells were lysed directly in 1x Laemmli Sample Buffer (Bio-Rad, Hercules, CA, USA; no. 161-0737). Whole-cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to a polyvinylidene fluoride membrane (Bio-Rad). The blot was incubated with anti-p21 Waf1/Cip1 (12D1) rabbit mAb (Cell Signaling Technology; no. 2947) and anti-tubulin (D-66) antibody (Sigma-Aldrich, St Louis, MO, USA; no. T0198). Signals were detected with SuperSignalWest Pico (Pierce, Thermo Fisher Scientific).
Mice PAR-1 (F2r)-deficient mice (CD45.2) were described previously. 43 B6.SJL (CD45.1) mice were obtained from the CCHMC/CBDI mouse core. All animal studies were conducted according to an approved Institutional Animal Care and Use Committee protocol and federal regulations.
Myeloid colony assay and bone marrow transplantation assay For MLL-AF9-induced leukemia, bone marrow progenitors (c-Kit + cells) were transduced with MLL-AF9 and were plated in M3434 cytokineenriched methylcellulose according to the manufacturer's instructions (STEMCELL Technologies). A total of 1 × 10 3 cells were plated for each round of plating. Colony counting and replating were performed every 4 or 5 days. After three to five rounds of plating, MLL-AF9-expressing colonyforming cells (1 × 10 6 cells per mouse) were injected into sublethally irradiated (700 cGy) recipient mice (N = 12 per group) via the tail vein. Secondary transplantation was performed using the indicated numbers (10-10 000 cells) of spleen cells isolated from leukemic mice (N = 4 per group). In some experiments, c-Kit + bone marrow progenitors were transduced with MLL-AF9 and were directly transplanted into mice.
For AML1-ETO-induced colony-replating assay, c-Kit + bone marrow cells were transduced with full-length AML1-ETO and were plated in M3434 as described above. A total of 1 × 10 4 cells were plated for each round of plating. Colony counting and replating were performed every 7 days. For AML1-ETO-induced leukemia in vivo, c-Kit + fetal liver cells were transduced with AML1-ETO9a (a shorter form of AML1-ETO with strong leukemogenic activity), and 1 × 10 4 AML1-ETO9a-expressing fetal liver cells were transplanted into sublethally irradiated (700 cGy) recipient mice (N = 7 per group). Randomization and blinding were not performed in this study. Adhesion assay MLL-AF9-expressing wild-type or Par-1-deficient colony-forming cells were resuspended in Iscove's modified Dulbecco's media containing 20% BIT9500 (STEMCELL Technologies) with 0, 0.5 or 1 U/ml thrombin, and were seeded into 96-well plates (1 × 10 5 cells per well in 200 μl medium) precoated with 8 μg/cm 2 RetroNectine (Takara-bio, Shiga, Japan). After 90 min of incubation, media and non-adherent cells were carefully removed, and the plates were washed two times with phosphatebuffered saline. After the addition of 100 μl fresh medium to each well, the number of adhesive cells was estimated by incubation with 10 μl WST-1 (Roche, Indianapolis, IN, USA) at 37°C for 4 h.
In vivo
Gene expression analysis
We assessed overlaps between up/downregulated gene lists in Runx1/ Cbfb-deleted MLL-AF9 cells (Goyama et al. 9 and Table S3 ) and gene sets in MSigDB (http://software.broadinstitute.org/gsea/msigdb). We also used cBioPortal (http://www.cbioportal.org/public-portal/) 44, 45 to examine PAR-1 expression in AML cases with/without RUNX1 alterations.
Statistics
Unpaired and two-tailed t-test was used to evaluate differences between groups (Figures 3b and 4b and Supplementary Figure S3D) . Error bars representing s.d. indicate variation for each group and variance was found to be similar between compared groups. The survival distributions (Figures 3b, c and 6c and Supplementary Figure S4B ) were compared using a log-rank test. Results for the limiting-dilution transplantation assays ( Figure 5e ) were compared using ELDA (http://bioinf.wehi.edu.au/software/elda/). 46 
